Abstract -The work offers synthesized mathematical models for one class of variable-parameter electromechanical systems which include electric drives of cranes and shaft skip hoists. The mathematical models are differential equations with variable parameters depending on variations of reduced moments of inertia and load moments of drive electric motors in the course of load lifting and lowering.
INTRODUCTION
The characteristic feature of cranes used to lift and lower various loads above the ground, as well as of skip hoists used to lift and lower loads from the depth of a mine to the ground surface and contrariwise, is the availability of a rigidly bound (either directly or via a reducer) drive electric motor shaft to the electric drive system of a drum used to wind up or unwind the ropes which carry the cargo or empty/loaded skips that are to be lifted or lowered.
As a result of winding up a rope onto a drum rigidly bound to a drive electric motor or unwinding of a rope from such drum, the reduced moment of inertia of the drive electric motor varies with time. Furthermore, as a result of shortening of the rope length between the drum and the cargo or the skip, the moment of load on the drive electric motor changes, too. That is why, to describe the dynamics of the electric drives belonging to this class of electromechanical systems, instead of the conventional equation [1] :
where ω -is the rotary speed of the drive electric motor shaft, J -is the moment of inertia existing on this shaft, ( ) M t -is the tractive effort torque generated within time t by such electric motor, and g M -is the load moment, created by the load attached onto the rope;
a more general dynamic equation should be used:
the equivalent of which, after opening the derivative from the product of two functions, is the equation as given below:
which allows both for the time-variable moment of inertia and for the time-variable moment of load.
So, it is the equation (3) which should be used as a mathematical model of electric drive system dynamics in synthesizing the control law for the process of cargo lifting/lowering by a crane or the control law for the process of empty/loaded skip lifting/lowering inside a mine shaft.
However, to make this mathematical model (3) usable in a practical synthesis of the said control laws, it is necessary to concretize, in the model, the functions ( )
the subject of this study is the synthesis of concretized mathematical models applicable for analysis of processes in electromechanical systems of the said class with the use of the well-known mathematical model with variable parameters (3) as a reference model.
II. SOLUTION OF THE PROBLEM SET
Let us start solving the set problem with considering the typical operating cycle curve for a drive electric motor of a crane or a shaft skip hoist in the process of load lifting or lowering, as shown in Fig. 1 
This means that, over the time, a constant acceleration entails variation of the drive electric motor's reduced moment of inertia J , which will increase while the rope is being 978-1-5090-3006-4/17/$31.00 ©2017 IEEE wound up onto the drum or decrease while the rope is being unwound from the drum, i.e. there exists the ratio:
wherefrom, upon a double integration, we arrive at the function:
for the rope winding, and the function:
for the rope unwinding. M , which will decrease while the rope is being wound up onto the drum or increase while the rope is being unwound from the drum, i.e. there exists the ratio:
for the rope winding, and the function
for the rope unwinding.
Having inserted the expressions (6) and (9) in the equation (3), we obtain the equation:
which is a mathematical model of the process running in an electromechanical system of the said class within the period 1 [0, ] t in case of winding up the rope onto the drum, i.e. in case of lifting of a load by a crane or skip hoist, and having inserted the expressions (7) and (10) in the equation (3), we obtain the equation:
which is a mathematical model of the process running in an electromechanical system of the said class within the period 1 [0, ] t in case of unwinding of the rope from the drum, i.e. in case of lowering of a load by a crane or skip hoist. Now, let us consider the period of time 1 2 [ , ] t t in the operating cycle curve, as shown in Fig.1 , where a drive electric motor runs at a constant angular speed s ω of the shaft rotation:
(13)
This means that, over the time, a constant speed entails variation of the drive electric motor's reduced moment of inertia J, which will increase while the rope is being wound up onto the drum or decrease while the rope is being unwound from the drum, i.e. there exists the ratio:
wherefrom, through integration, we arrive at the function:
Likewise, within the same period of time 1 2 [ , ] t t a constant speed, over time, entails variation of the moment of load on the drive motor g M , which will decrease while the rope is being wound up onto the drum or increase while the rope is being unwound from the drum, i.e. there exists the ratio:
Having inserted the expressions (15) and (18) in the equation (3), we obtain the equation:
( )
which is a mathematical model of the process running in a electromechanical system of the said class within the period 1 2 [ , ] t t in case of winding up the rope onto the drum, i.e. in case of lifting of a load by a crane or skip hoist, and having inserted the expressions (16) and (19) in the equation (3), we obtain the equation:
which is a mathematical model of the process running in an electromechanical system of the said class within the period 1 2 [ , ] t t in case of unwinding of the rope from the drum, i.e. in case of lowering of a load by a crane or skip hoist.
And now let us consider the period of time 2 [ , ] k t t in the operating cycle curve, as shown in Fig.1 , where a drive electric motor slows down its angular speed from s ω to zero in order to stop the process of lifting or lowering a load. It is evident that within this period, the expressions (4), (5) and (8) will also be true. Therefore, the mathematical models of the load lifting/lowering processes, which we obtain through the same chain of syllogisms, as we have used while considering the period
t , will differ, in general, from the mathematical models (11) and (12) only by the indices for the initial values of the moment of inertia and moment of load and by the time reference points, i.e. such mathematical models will look like:
for the process running in an electromechanical system of the said class within the period 2 [ , ] k t t in case of winding up the rope onto the drum, i.e. in case of lifting of a load by a crane or skip hoist, and
where the lower branch of such expression should be used when the electric drive system is under the rated or aboverated load, and the upper branch of the expression should be used when the electric drive system is under a load less than the rated load. Hence, the torque of a DC series drive electric motor functioning in the mode of the rated or above-rated load should be found using the expression as follows:
whereas the torque of the one functioning under the load less that the rated load is to be found using the expression as given below:
Having inserted the torque values from the expression (24) into the equation (20), we obtain a mathematical model of the process running in an electromechanical system of the given class in case of load lifting when a drive asynchronous electric motor is used in the electric drive system. And, having inserted the expression (24) into the equation (21), we obtain a mathematical model of the process running in the same electromechanical system in case of load lowering.
Furthermore, having inserted the expression (25) into the equation (20), we obtain a mathematical model of the process running in an electromechanical system of the given class equipped with a DC separately excited drive electric motor in case of load lifting; whereas having inserted the expression (25) into the equation (21), we obtain a mathematical model of the process running in the same electromechanical system in case of load lowering.
As to the mathematical models of an electromechanical system of the given class equipped with a DC drive series electric motor, which is widely used in the shaft skip hoist drive systems, the mathematical model of the process will differ depending on the fact whether the skip being lifted is loaded or empty and whether the skip being lowered is loaded or empty, because if it is loaded, then the expression (28) should be inserted in the equations (20) and (21), whereas if an empty skip is being lifted/lowered, then the expression (29) should be inserted in the equations (20) and (21).
Due to the article size restrictions, we will carry out the identification of the synthesized mathematical models in our next publication.
III. CONCLUSIONS
А. It has been demonstrated that the classical electric drive dynamics equation is not good for analyzing the processes in electromechanical systems used for cranes and shaft skip hoists, inasmuch as the key parameters of this class of systems vary with time in the process of load lifting and lowering.
В. The authors have synthesized the mathematical models with variable parameters, and such mathematical models properly describe the processes occurring within the class of the electromechanical systems, where the electric drive systems used for cranes and shaft skip hoists belong to.
C. The authors have detailed the moment characteristics in the right-hand sections of the synthesized mathematical models for the given class of electromechanical systems with variable parameters, where the electric drive of such electromechanical systems is equipped with an asynchronous electric motor or a DC separately-excited/series electric motor.
